We assessed whether influenza virus hemagglutinin stalk-based immunity protects ferrets against aerosol-transmitted H1N1 influenza virus infection. Immunization of ferrets by a universal influenza virus vaccine strategy based on viral vectors expressing chimeric hemagglutinin constructs induced stalk-specific antibody responses. Stalk-immunized ferrets were cohoused with H1N1-infected ferrets under conditions that permitted virus transmission. Hemagglutinin stalk-immunized ferrets had lower viral titers and delayed or no virus replication at all following natural exposure to influenza virus.
C
urrently licensed influenza virus vaccines are proven to reduce the burden of influenza virus infections. However, epidemics of influenza still occur every year, resulting in significant morbidity (1) and mortality (2) worldwide. Humoral immune responses induced by seasonal influenza virus vaccines are typically focused on the immunodominant globular head domains of hemagglutinin (HA) and are specific for the respective vaccine strains but are suboptimal against strains that have antigenically drifted. Thus, annual vaccination is required to keep up with an antigenically "moving target" (3) . This limitation of currently licensed vaccines is additionally complicated by the emergence of pandemic influenza virus strains that are difficult to predict. Upon the emergence of a pandemic, redirection of commercial vaccine manufacture is unlikely to occur in a sufficiently timely fashion to limit viral spread, as was the case during the 2009 H1N1 influenza pandemic (4, 5) . HA-specific universal influenza virus vaccines shift humoral immune responses toward the antigenically conserved but immunosubdominant HA stalk region, thereby overcoming these limitations. Such a vaccine could confer protection against homologous and drifted influenza virus strains, eliminate the requirement for reformulation of annual influenza virus vaccines, and confer increased protection against influenza viruses with pandemic potential (6) (7) (8) . To investigate the level of protection conferred by HA stalk-based immunity against infection by influenza viruses, we tested a universal influenza vaccine approach in the ferret model.
We sequentially immunized a business of 5-month-old male Fitch ferrets (Triple F Farms; Sayre, PA) with viral vectors expressing chimeric HA (cHA) as described previously (9) (Fig. 1A) . Ferrets (n ϭ 6) were primed by intranasal infection with 2 ϫ 10 7 PFU of an influenza B virus vector expressing cH9/1 HA (B-cH9/1). The ferrets were then boosted by the intramuscular administration of 1 ϫ 10 7 PFU of a recombinant vesicular stomatitis virus (VSV) vector expressing cH5/1 HA (VSV-cH5/1, 0.5 ml administered intramuscularly), followed by a second boost with 1 ϫ 10 9 PFU of a replication-deficient recombinant adenovirus type 5 (AdV) vector expressing cH6/1 HA (AdV-cH6/1, intranasal and intramuscular administrations of 0.5 ml each) (9) . By sequential vaccination with immunogens that have the same conserved stalk domain but divergent head domains, it is possible to specifically induce high levels of stalk-reactive antibodies. Control ferrets (n ϭ 6) received the same control virus vectors (wild-type influenza B virus, VSV expressing green fluorescent protein (VSV-GFP) and AdV completely lacking an insert by the same immunization routes and the same regimen. Seroconversion of the immunized ferrets to the HA globular head expressed by the indicated viral vector was assessed by hemagglutination inhibition (HI) assays (10, 11) (Fig. 2D) , as well as by neutralization assay for VSV (Fig. 2E) . Although priming of ferrets with influenza B virus expressing cH9/1 resulted in detectable serum responses, no seroconversion was detected by HI assay following boosting with either VSV-cH5/1 HA or AdV-cH6/1 (Fig. 2D) -probably reflecting the redirection of the immune response to the stalk domain. Importantly, during the course of the vaccination regimen, the stalk-immunized and control-immunized ferrets did not develop HI titers against the pandemic H1 globular head domain (Fig. 2D) .
Following prime-boost vaccination, a stalk-immunized ferret and a control-immunized ferret were cohoused with a ferret directly infected with 10 6 PFU of pandemic H1N1 influenza virus A/California/4/2009 under conditions that permitted only aerosol transmission to occur (Fig. 1B) . Importantly, sets of one stalkimmunized and one mock-immunized ferret were kept in the same chamber and contact transmission between these two ani-mals was possible (Fig. 1B) . On days 2, 4, 6, 8, and 10 postinfection, nasal washes were taken from the directly infected ferret and aerosol contacts for determination of virus titers by plaque assay. Direct intranasal infection of naive ferrets with the pandemic H1N1 influenza virus resulted in high virus titers at day 2 postinfection that declined to below detectable limits by day 6 postinfection (Fig. 3A) . All mock-immunized ferrets became infected and uniformly shed virus between days 4 and 8 postinfection (between days 3 and 7 after aerosol contact), with peak nasal wash titers on day 6 postinfection. All stalk-immunized ferrets became infected but shed virus less uniformly. Importantly, the virus titers detected in the nasal wash samples from the stalk-immunized ferrets were significantly lower (mean peak of 1.8 ϫ 10 3 PFU/ml on day 8 postinfection) than those of the control-immunized ferrets ( Fig.  3A and B) . Additionally, the time at which the stalk-immunized ferrets shed influenza virus (days 6 to 10 postinfection) was delayed compared to that of the control-vaccinated ferrets. The experimental design (Fig. 1B) had the caveat that virus could potentially be transmitted to mock-immunized animals that amplified the virus before the stalk-vaccinated animals became infected. Close direct contact with their virus-shedding cagemates might have facilitated transmission to the stalk-vaccinated animals.
To test this hypothesis, we designed a follow-up transmission experiment in which a directly infected ferret was cohoused with two stalk-or mock-immunized ferrets. In this setup, only infection via aerosol transmission of virus could occur from the physically separated and directly infected ferret (Fig. 1C) . Again, the directly infected and mock-vaccinated ferrets showed kinetics similar to those seen in the previous experiment, with peak virus titers on days 2 and 4, respectively (Fig. 3C) . Importantly, only one of the stalk-immunized ferrets in the follow-up experiment shed infectious virus at a low titer (1,700 PFU/ml).
As shown in Fig. 2A for the ferrets in the initial transmission experiment, the cHA-based universal influenza virus vaccine strategy stimulated readily detectable levels of H1 stalk-reactive antibody responses (stalk immunized prechallenge). As expected, H1N1 infection following infection by aerosol transmission had a boosting effect on these H1 stalk-reactive antibody responses (stalk immunized postchallenge). This boost in stalk-reactive antibodies (approximately 3-fold) might further enhance broad protection against future infections. Importantly, serum from naive ferrets or from control-immunized ferrets lacked detectable levels of H1 stalk-reactive antibodies. As mentioned above, all animals were negative for the H1N1 challenge virus by HI assay (Fig. 2D) . with a recombinant influenza B virus expressing cH9/1 HA (B cH9/1) and then boosted intramuscularly (i.m.) with recombinant VSV expressing cH5/1 HA (cH5/1 VSV). The animals were finally boosted (intramuscularly and intranasally) with a replication-deficient Ad expressing cH6/1 (cH6/1 AdV). Control animals received wild-type influenza B virus, VSV, and AdV at the same doses and via the same routes. Finally, animals were challenged with a pandemic H1N1 influenza virus isolate. (B) Schematic of the design of the initial transmission experiment. The directly infected ferret was housed on the left side of the cage and separated from the mock-and stalk-immunized animals by a perforated divider that allowed airflow (as indicated by dashed arrows) but prevented direct contact between the animals. One control-vaccinated ferret and one stalk-vaccinated ferret were cohoused on the right side-a setting that allowed transmission by direct contact between these two ferrets (as indicated by the dashed bidirectional arrow). The most likely infection route for the stalk-vaccinated animals in this experiment is indicated by red arrows. We hypothesize that mock-immunized animals amplified the virus before the stalk-immunized animals became infected. (C) Schematic of the design of the follow-up transmission experiment. Again, the directly infected ferret was housed on the left side of the cage, separated from the other animals by a perforated divider that allowed airflow and aerosol transmission of virus. The ferrets on the right side both underwent the same vaccination regimen. All animal experiments were conducted by using protocols approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC). Ferrets were provided access to food and water ad libitum (9, 10, 22, 23) .
FIG 2 Serum responses of vaccinated ferrets increased after virus challenge. The data shown were collected from ferrets included in the initial transmission experiment (four mock immunized and four stalk immunized). (A)
The development of H1 stalk-reactive antibody responses was assessed by ELISAs with baculovirus-produced cH2/1 HA. ELISAs were performed as described before (9, 24) . OD, optical density. (B) Activity of sera from mock-and stalk-vaccinated ferrets was measured in an ADCC reporter assay (Promega; as described in reference 12) at a dilution of 1:90. The assay was developed to measure the interaction between human Fc fragments and human Fc␥RIIIa. This is a caveat of the assay because ferret antibodies might be less effective than human antibodies at activating this receptor. However, no ferretspecific assay is available. *, P Յ 0.05. Ferret influenza virus microneutralization titers (C), HI titers (D), and VSV neutralization titers (E) in sera from mock-and stalk-vaccinated animals are shown. Statistical analysis of the data in panel B was done by an unpaired t test that was performed in GraphPad Prism.
Interestingly, sera from the stalk-vaccinated animals-despite robust enzyme linked immunosorbent assay (ELISA) titers-showed no activity in a standard microneutralization assay (Fig. 2C) . This finding is in agreement with two recent reports that showed that, despite solid protection against viral disease, low or undetectable neutralization titers developed after stalk vaccination (12, 13) . However, sera from vaccinated animals showed activity in an antibody-dependent cell-mediated cytotoxicity (ADCC) reporter assay (Fig.  2B) . ADCC has been shown to be an important protective mechanism for stalk-reactive antibodies, specifically at sub-
FIG 3
Vaccination with cHA vaccine constructs leads to reduced susceptibility to virus transmission. Ferrets (n ϭ 6) were immunized with influenza B virus expressing cH9/1 HA, boosted with VSV-cH5/1 HA, and boosted a second time with an AdV vector expressing the cH6/1 protein. Control ferrets (n ϭ 6) were immunized with corresponding viral vectors (influenza B virus, VSV-GFP, and empty AdV). Immunized ferrets were then exposed to ferrets directly infected with pandemic H1N1 virus under conditions that specifically allowed aerosol transmission. (A) Initial experiment. On day 0, a ferret was directly infected by the intranasal route with pandemic H1N1 influenza virus. On day 1 after direct infection, stalk-immunized and control-immunized ferrets were housed adjacently to the directly infected ferret under conditions that permitted only aerosol transmission to occur between the directly infected and mock-or stalk-immunized animals. However, direct-contact transmission was possible between control-and stalk-vaccinated ferrets. On days 2, 4, 6, 8, and 10 postinfection (days 1, 3, 5, 7, and 9 after aerosol contact), all of the ferrets were anesthetized with ketamine and xylazine for collection of nasal wash samples to determine virus titers by plaque assay. Virus titers are presented in PFU per milliliter, and each symbol represents one animal. Each column shows the geometric mean titer of each group. (B) Area-under-the-curve (AUC) analysis (days 2 to 10) of virus shedding by mock-and stalk-vaccinated ferrets. Differences between the two groups are highly significant (****, P Յ 0.0001). (C) The experimental setup for the follow-up transmission experiment was similar to that for the initial experiment, but importantly, two stalk-or mock-immunized ferrets were cohoused and therefore amplification of the virus in mock-vaccinated ferrets and subsequent transmission to stalk-vaccinated ferrets by close contact were not possible. All of the mock-immunized ferrets but only one stalk-immunized ferret shed virus in this experiment. Furthermore, the virus titers of the one stalk-immunized ferret were lower than those of the ferrets in the mock-immunized group. Titers in panels A and C were analyzed by using multiple t tests corrected for multiple comparisons by the Holm-Sidak method. The data in panel B were analyzed by one-way analysis of variance with Tukey's posttest. Statistical analysis was performed in GraphPad Prism. **, P Յ 0.01. neutralizing concentrations (14) (15) (16) . Of note, an assay with cells expressing the human Fc receptor Fc␥RIIIa was used because of the lack of ferret-specific reagents. The ADCC activity might therefore be lower than it would be with the corresponding ferret Fc receptor.
In this study, we used the ferret model of influenza virus transmission to assess the level of protection conferred by group 1 HA stalk-specific antibodies against natural infection with pandemic H1N1 influenza virus. Ferrets were immunized by using a universal influenza virus vaccine strategy in which the animals were vaccinated with viral vectors expressing cHAs that induce stalk-reactive antibodies. The results revealed that group 1 stalk-specific antibodies can protect ferrets from infection (up to 50% in an aerosol-only transmission model) or at least reduce the magnitude and duration of influenza virus shedding from the nasal cavity. Importantly, HA stalk-immunized ferrets did not exhibit any clinical signs of antibody-enhanced disease, a complication that has been reported upon vaccination with inactivated influenza virus vaccines in pigs (17) . Collectively, our present findings, along with previous observations (9, (18) (19) (20) , provide compelling evidence that a universal influenza virus vaccine strategy that stimulates robust HA stalk-focused immunity would reduce the severity of influenza virus replication and the disease burden following virus infection by natural transmission routes. The novelty and significance of the findings presented in this report support the development of universal influenza virus vaccines and the transition from research laboratories to clinical settings (21) .
